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FOREIWKD 
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Mr. K. M. Clayton of the J e t  Propulsion Laboratory served 
as  NASA Technical Project  Manager. The Rocketdyne Program 
Manager was M r .  T. A.  Coultas. Technical approach and guid- 
ance of t he  program was d i rec ted  by M r .  S. D. Clapp, who 
functianed as  Project  Wznager . 
ABSTRACT 
4 7-month applied research program was conducted t o  determine 
the  e f f e c t s  of l iqu id  misc ib i l i t y  and severa l  i n j e c t o r  design 
variah l e s  or. spray drops i ze and s i z e  d i s t r i b u t i o n .  The method 
of frozen #ax was used throughout t he  program t o  provide a 
quan t i t a t i ve  measure of these e f f e c t s .  In t he  misc ib i l i t y  
s tud ie s ,  experiments were conducted with unlike-doublet e le -  
ments of varying diameter r a t i o  t o  a sce r t a in  the  e f f e c t s  cf 
misc ib i l i t y  o? drople t  s i z e  and d i s t r i bu t ion .  In addi t ion,  
inves t iga t ions  were conducted with unlike-doublet and pentad 
elements t o  determine the  leve l  of emulsif icat ion which occurs 
when two immiscible l iqu id  j e t s  impinge. 
In t he  inves t iga t ion  of i n j e c t o r  design var iab les ,  s ing le-  
element i n j ec to r s  of li!;e-doublet, unlike-doublet,  and pentad 
configurations were flowed a t  low in j ec t ion  ve loc i t i e s  (30 t o  
60 f t / s ec )  t o  extelld previous dropsize cor re la t ions  t o  t he  low 
ve loc i ty  regime. Experiments were a l so  conducted with a co- 
p laner  t r i p l e t  element w e r  a veloci ty  range of 30 t o  170 f t /  
sec .  In addi t ion,  wax flow experiments were made a t  severa l  
impingement angles and free j e t  length-diameter r a t i o s  using a 
like-doublet element configuration. 
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'l'hr. r.:'aluat ion of  rocket enginc i n j e c t o r  dcs ign c r i  t c r i  s rtsc~ui r c s  an 1indr.r- 
s t and ing  o f  t h e  primary i n j e c t  ion pnramctcrs which con t ro l  t h e  coml,ust i u : ~  
proccss .  I'revious a n a l y t i c a l  and esper imenta l  work by Rocketdyne and otl ler  
i n v e s t i g a t o r s  had shown t h a t  combustion i n  l i q u i d  roc ' .et  engines  i s  limi t e d  
i n  r a t e  hy the  vapor iza t ion  o f  t h c  l iqui r l  p r o p e l l a n t s ,  3 process  which is  
primari  1 y Jependcnt upon spray drop l e t  s  i ze and prope 1 l a n t  phys i c a l  prop- 
c r t  i e s .  1) ropsix  i s ,  t h e r e f o r e ,  ;in important  parameter i n  t h e  dcterminat  ion 
of  rocket  engine  combustion e f f i c i e n c y .  
.Ittempts t o  p r e d i c t  d r o p l c t  s i z e  d i s t r i b u t i o n s  t h e o r e t i c a l l y  I ~ a v e ,  f o ~  t h e  
most p a r t ,  been unsuccessful .  The f i  rst t h e o r c t  i c a l  c o n t r i b u t i o n  t o  t h i s  
f i e l d  was given by !Iayleigh (Krf. 1 i n  h i s  a n a l y s i s  of  t h e  i n s t a b i l i t i e s  
:issocinted wi th  a s i n g l e  j e t  of l i q a i d .  ?!any o t h e r  workers have extended 
t h e  works of  Kay l e igh  ( e - g . ,  Ref. 2 through 6 ) ; ho\cever, they  have been 
unable t~ p r e d i c t ,  t o  an adequate degree ,  t h e  c h a r a c t e r  of  t h e s e  sp ray  
d r o p l e t  s i z e  d i s t r i b u t i o n s .  
Compli c a t  ing any t h e o r e t i c a l  p r e d i c t  ions  o f  d r o p l e t  s i:e d i s t r i b u t i o n s  is 
t h e  e x i s t e n c e  o f  d i f f e r e n t  flow regimes i n  which s p r a y  formation p rocesses  
a r c  c o n t r o l  led  by d i  f f e r c n t  c f f e c t s  . At: low i n j e c t  ion v e l o c i t e s  , s u r f  ace 
t e n s  ion f o r c e s  predominate i n  t h e  l i q u i d  breakup p rocesses .  A t  h igher  
i n j e c t i o n  k e l o c i t i r s ,  aerodynamic s h e a r  f o r c e s  between t h e  l i q u i d  and t h e  
gaseous environment become important .  :It very high i n j e c t i o n  v e l o c i t i e s ,  
t h e  l i q u i d  is  exposed t o  r a p i d  d e c e l e r a t i o n  by t h e  gaseous environment, 
and i n e r t i a l  f o r c e s  thus  become important .  Some o f  t h e s e  flow regimes 
have hccn observed exper imenta l ly  (e.g . , Ref. 6 through 9 1 ,  and t h e o r e t -  
i c a l  cons ide ra t ions  o f  t h e  e x i s t e n c e  o f  tt.e d i f f e r e n t  regimes have been 
recorded i n  t h e  l i t e r a t u r e  (Ref. 2 and 3 ) .  Because of t h e  d i f f i c u l t i e s  
involved i n  t h e  t h e o r e t i c a l  p r e d i c t  ion  of  spray d r o p l e t  s i z e s ,  many 
i n v e s t i g a t o r s  have determined spray drople: s i z e s  exper imenta l ly  f o r  
var ious  atomi zer  conf igura t ions  and l i q u i d  physical  p r o p e r t i e s  ( e  .g., Ref. 
10 through 13) .  llowever, t h e  d a t a  r epor ted  by t ,?ese i n v e s t i g a t o r s  i n  t h e  
1 i t c r a t u r e  arc. primari  ly  f o r  i n j e c t o r  types rind oi>er:tt ing cotldi t ions wli i c.11 
:ire not cumpar;il>le t o  those  f-ound in  ty;>icc\l rockpt  engint.s. Notal>li~ t.s- 
c c ~ t  i 011s t o  t h i s  a r e  t h e  works of  I)oml~ro\t.sk i and lloopcr [Kcf. 1 2 )  , Ingcho 
( l k f .  I.?), and a recent  s tudy  a t  Rocketdync (Ref. 14)  . 
1)ombroxski and Iloopcr conducted a stud!. o f  t h e  f a c t o r s  in f luenc ing  t h c  
d i  s i n t e g r a t  ion of  s h e e t s  formed I>y t h e  impingement of  two water  j e t s .  'I'he 
i n v e s t i g a t  ion was l i m i t e d  t o  like-doublet elements having an o r i  f i  ce  I . / I )  
o f  400. Impingcmcnt angle  was v a r i e d  and a d r o p s i x  c o r r e l a t i o n  \<:is 
developed. 'I'he work o f  ingebo included e f f e c t s  o f  o r i f i c e  d iameter ,  j e t  
v e l o c i t y ,  and v e l o c i t y  d i f f e r e n c e  l~etwccn t h e  l i q u i d  j e t  and a surrounding 
a i r s t r eam.  'I'h is i n v e s t i g a t i o n  u t  i l i  zed s h o r t  o r i f i c e  elements ( I . / [ )  x 10) 
rind n-hcptanc a s  t h e  p r o p e l l a n t  s imulant .  In both s t u d i e s ,  n photographic 
method was used f o r  measurement o f  t h e  spray p a r t i c l e  s i  zes.  'i'his technique 
h a s  limi t s t  ions because t h e  r e s u l t s  a r e  genera l ly  dependent upon t h e  s i  ze 
and l o c a t i o n  of t h e  photographic f i e l d .  In a d d i t i o n ,  r educ t ion  of d a t a  
from t h c  sp ray  photographs is t ime consuming and c o s t  1. 
' f ie  most r ecen t  s tudy a t  Kockctdyne (Ref. 14) had sho\m t h a t  t h e  molten 
wax technique could be s u c c e s s f u l l y  u t i  l i x d  t o  provide  a quant i t a t  ive 
measure of  t h e  sp rays  produced by impinging stream i n j e c t o r  e lements .  This 
experimental  method has  advantages i n  t h a t  the  e n t i r e  spray f i v l d  i s  co l -  
l e c t e d  and p a r t i c l e  s i z c s  a r c  dctermirscd using a simple s i e v c  a n a l y s i s .  
The previous Rocketdyne s tudy waq a l s o  ins t rumenta l  i n  extending p r ~ v i o u s  
a tomizat ion work in  t h e  a r e a s  o f  rocket  engine i n j e c t o r  s imula t ion .  I t  
W ~ S  demonstrated t h a t  two immiscih l e  l i q u i d s  (water and . ) a r a f f i n  wax) couI,l 
he used f o r  s imula t ion  o f  u n l i k e  impinging in jec to r  clemcnts. In a d d i t i o n ,  
i t  was shown t h a t  t h e  p r o p e l l a n t  a tomiza t ion  ;~nd  mixing p rocesses  could  h e  
i n v e s t  iga tnd s e p a r a t e l y  and t h e  r e s u l t s  combined t o  determine an ovcra l  : 
p r e d i c t e d  comt>ustion e f f i c i e n c y .  
Although t h e  Ref. 14 program added s i g n i f i c a n t l y  t o  a b e t t e r  undcrstandirlg 
of in jec to r  titomi za t  ion, man:, a reas  of i n t e r e s t  r equ i red  i n v e s t i g a t ;  on. For 
example, one a rea  which had not l ~ c c n  thoroughly s t u d i e d  includrd t h e  
effect.. of im1:inging two immiscihlc j e t s  on drollsize and s i z e  d i s t r i -  
hut  ion and t l i rx  p o s s i h i l i t y  of forming an emulsion. 
1;: t h c  r r ;~ lm of o r i f i c e  gcomrtry and i n j e c t o r  des ign c f f e c t s  on d r o p s i x ,  
only l imi ted  work has Seen done. Various o r i  f i c c  1cngt;l-diameter r a t i o  
j e t s  have hecn utilized; howevcr, t h e  e f f e c t s  of  t h i s  important par imcter  
had not heen s tud ied  s p e c i f i c a l l y .  In a d d i t i o n ,  l i t t l e  o r  no information 
was a i l a i l ah lc  in  t h e  a rcas  of f r e e  j e t  geometry ;md low i n j e c t i o n  velocity 
opera t ion .  'I'hc ovttral! goa l s  of t h e  cur ren t  study were t o  f i 1 1  t h e s e  gaps 
and provide  a more h a s i  c understandirtg of t h e  atomi za t ion  characteristics 
of  rockct  cngizlc i n j e c t o r s .  
'rhc purposc of t h i s  study was t a  experimentally i nves t i ga t e  poorly under 
stood aspccts of the  mechanism of. :omitation and t o  extend tlic rangc of 
previous dropsize co r r e l a t i ons .  The r c su l t s  of t h i s  program have I~ccn 
instrumental in  providing a more bas ic  understanding of t he  paramctcrs 
which s ign i f i can t ly  influence t he  aton~i  t a t  ion process. I'hc c f f e c t s  of 
many of these parameters were not individual ly  determined; however, the 
r e s u l t s  have defined s p e c i f i c  areas  of  i n t e r c s t  which warrant fu r the r  
invest igat ion.  
:I summary of the  per t inen t  observations regarding the  experimental study 
a r e  as follows: 
1. During the  propel lant  m i s c i b i l i t y  s tud i e s ,  i t  w a .  found t h a t ,  
within t he  limits of experimental accuracy, t h e  mass median 
moement . <ropsire  is the  same f o r  both miscible  and immiscible impi.., 
2 .  Pl i sc ib i l i ty  d id  e f f e c t ,  t o  a small e x t e n t ,  t he  dropsize d i s t r i -  
bution. In a l l  cases,  t he  s i z e  d i s t r i b u t i o n  r e s u l t i n g  from 
immiscible imingement w a s  c l o se r  t o  t h e  moaodisperse than tha t  
fo r  the  corresponding miscible  impingement. 
3. Diameter r a t i o  was a l s o  found t o  inf luence dropsize and s i z e  
d i s t r i b u t i o n  of  unl ike doublet i n j ec to r s .  A t  equal i n j ec t i on  
v c l o c i t i e s ,  t he  smaller  of t h e  cwo jets w i l l  y i e ld  t he  smaller  
drops i ze 2nd a more near ly  monodisperse d i s t r i bu t ion .  
4. For an unl ike doublet element incorporating a 1.36 diameter r a t i o  
(dox/df) , i t  was found t h a t ,  a t  low stream momentum l eve l s ,  t he  
fue l  drgpsize approached a minimum a t  a s p e c i f i c  operat ing condi- 
t ion .  The diameter r a t i o  was no t  s u f f i c i e n t l y  la rge ,  however, 
t o  determine whether t he  mixing parameter o r  dynamic pressure 
r a t i o  was the relevant  var iab le .  
5. The r e su l t s  of the enuls i f i a t  ion s tudies  shaiied tha t  the magnitude 
of t h e  emulsion is about 1 percent over a \<id? range cf totla1 stream 
momentum f o r  both unlike douhlet and pentad in j ec to r s .  From the  
standpoint of  rocket engine performance cor re la t ion ,  the 1-percent 
cmsulsion level  is  not considered large enough t o  de t rac t  from 
the  present ly used assumptions of d i s c r e t e  fue l  and oxidizer  sprays. 
6 .  The  lo^ i n j ec t ion  veloci ty  s tud ies  shwed t h a t  dropsize dependence 
on in jec t ion  veloci ty  is considerably d i f f e r en t  a t  low and high 
ve loc i t i e s .  Various reasons f o r  t h i s  behavior a r e  postulated: 
(1) var ia t ions  in  the  upstream flow conditions,  (2) a change i n  
the  dominant mechanisms which control  drople t  breakup, and (3) 
secondary atomization e f f e c t s  resu l t ing  from flowing t h e  elements 
i n  a stagnant atmosphere. 
7. I t  was a l s o  found t h a t  f r e e  j e t  impingement length can produce 
s ign i f i can t  changes i n  t he  droplet  size produced by like-doub l e t  
elements. Stream turbulence and ve loc i ty  p r o f i l e ,  j e t  d i s in tegra-  
t i on ,  and misalignment a r e  postulated a s  t he  dominant var iab les  
which influenced d m p l e t  breakup. 
TKO of  t h e  objectives of t h i s  program include the  attainlncnt ot' high q u n l -  
i t y ,  reproducible dropsize da t a ,  3nJ the  comparison of dropsizes  proJriccJ 
by in jec tors  havi1:g d i f f e r e n t  hydraulic flow cont rc l  cha rac t e r i s t  i c s .  To 
achieve t h i s  f i r s t  oh-iective, single-element In j ec to r s  incorporr~t ing a 
long o r i f  i c e  length a d  a c o n t w r d  entrance were ustvt i n  t h e  majori ty  of 
t he  iirtv flow experimitnts, Orif i c e s  designed with a  50:  1 1./0 and 3 r o u ~ d t d  
i n l e t  have been found by Rupe (Ref. 13) t o  produce f r e e  j e t s  t ha t  a r e  s t a b l e ,  
symmetrical, and reproducible.  The second objec t ive  was f u l f  i 1 led by con- 
ducting flows under s imi l a r  conditions with r e l a t i v e l y  sho r t  (10:l L/It) 
i n j ec to r  eleirtents. The 10:l elements, which were used i n  t h e  low in j ec t i on  
ve loc i ty  s tud i e s  i n  Task IIA, uere  ava i l ab l e  from a previous Rockctdyne 
program. 
The program requirements of various i n j ec to r  types (1 ike-doublet, unl i k e -  
doublet,  pentad, and t r i p l e t ) ,  a d  va r i a t i ons  of impingement angle  and 
f r e e  j e t  length (l ike-doublet only) suggested the  d e s i r a b i l i t y  of an ad- 
j u s t ab l e  i n j e c t o r  t o  minimize f ab r i ca t i on  cos t s .  .% single-element i n j ec to r  
was designed and fabr ica ted  t o  incsrporate  t h e  SO:1 L/D elements which 
a r e  described i n  t he  following sec t ion .  
:I schematic of t h i s  i n j ec to r  is shown is Fig. 1. The bas ic  assembly con- 
s i s t e d  of a  base p l a t e ,  tube  clamps, Z b c  helders ,  and t h e  long L/D 
o r i f i c e s .  Kith these  components, v a r i w ,  tcmbinations of  l ike-doublet ,  
unlike-doublet , and c o ~ l a n e r  t r i p l e t  eltinenrs could be  assembled. k I  jus t -  
ment f ea tu re s  of  t h i s  assembly included l a r i a t i o n s  of included impingement 
angle  from 45 t o  90 degrees, f r e e  j e t  l e n ~ t 5  from 1 t o  10, and o r i f i c e  
diameter from 0.063 t o  0.128 inch. The jjrrttad (4-on-1) configurat ion re- 
quired the  addi t ion  of two s i d e  p la tes ,  anc t h e  associated clamps, pos t s  
and o r i f  i ces .  Adjustment f ea tu re s  of t he  pentad element were the  same 
as those l i s t e d  above. 
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i'hotogriiphs of the in jec tor  assembly a r c  i l l u s t r a t e d  in F i g .  2 .  A pentad 
element hasing a  f r e e  j e t  length of 5  and an impingement angle of 60 de- 
grecs i s  sho\in. ,111 components iiere constructed of rtluminum. 
'fhc f i r s t  considerat ion in  t he  design of the  50: 1 L I D  o r i f i c e s  was the  
method of fabr ica t ion .  Several techniques were considered, inzluding 
d r i l l i n g  and reaming, e l e c t r i c n l  discharge machining, and the use  of tub- 
. , i q .  Ihe l a t t e r  method vas chosen on the  bas i s  of both qual i t y  control  
and economy. In addi t ion,  the  use of tubular  elements permitted the  fab- 
r i c a t i o n  of an ad jus tab le  i n j ec to r  i n  which v a r i o ~ i s  element types could 
be constructed. 
Typical geometry of the  control led hydraulics o r i f i c e s  is shown i n  Fig.  3 .  
The o r i f i c e s  were constructed from three  aluminum tubes, with t he  outer  
tubes swaged over the  inner tulle which comprised the 50:l L I D  o r i f i c e .  
l?le inncr tubes were i n i t i a l  ly 0.004 t o  0.008 inch undersize and then 
reamed t o  the  f i n a l  diameter a f t e r  t he  swaging process. A t o t a l  of 10 
o r i f i c e s  were constructed, s i x  with a  diameter of 0.063-inch, and two each 
ii i th diameters of 0.086 and 0.128 inch. 
The 10 o r i f i c e s  icere ca l ibra ted  over a range of  25 t o  300 p s i  AP with water,  
The purpose of t h i s  was twofold: (1) t o  provide matched s e t s  of o r i f i c e s  
f o r  the l i k e  doublet,  t r i p l e t ,  and pentad configurat ions,  and (2) t o  v i s -  
ual 1  y inspect the flow and impingenent qual i t ~ .  Measured discharge coef- 
f i c i e n t s  were 0.73 20.02 f o r  each of t he  o r i f i c e s .  Motion p ic tures  of t h e  
f ree  j e t s  and impinging doublets were taken a t  mean j e t  ve loc i t i e s  of 50 
and 100 f t l s e c .  Supe r f i c i a l l y ,  the  j e t s  appeared s imi l a r  t o  those of Ref. 
1.; f o r  fu l ly  developed turbulent  flow a t  the  same mean j e t  ve loc i t i e s .  
Figure 2 .  Adjustable Tube In jec tor  Incorporating 
Controlled Hydraulics Or i f ices  
(Pent ad Element Shown) 

Short (10 : 1) L I D  Elements 
The 10:l LID o r i f i ces  used i n  the low in jec t ion velocity studies of Task 
I I A  are  shown schematically i n  Fig. 4. A t o t a l  of f i v e  elements were used; 
two like-doublets, two unlike-doublets and one pentad. The o r i f i c e  geometry 
f o r  each element is summarized i n  Table 1. 
TABLE 1 
ORIFICE GEOMETRY FOR 10:l L/D ELEMENTS, 
NOMINAL FREE JET LENGTH = 5 DIAMETERS 
NOTE : For Df: # Dox. the ~omina l  f r ee  j e t  length is based upon the 
average diameter 
Element 'Cype 
Like-Doublet 
Like-Doub l e t  
Unlike-Doublet 
Unlike-Doub l e t  
Pentad (Four Oxidizers 
Impinging on Central 
Fue 1) 
- 
For the  l ike-  and unlike-doub l e t  elements, the entrance geometry consisted 
of a s t r a igh t  tube having a cross sect ion of three o r i f i c e  diameters and z 
length of approximately 17 diameters. This entry length-to-diameter r a t i o  
is re la t ive ly  short  i n  tha t  it does not permit the establishment of f u l l y  
developed flow (e i ther  laminar o r  turbulent) a t  the  o r i f i c e  entrance. Com- 
bined with the  re la t ive ly  short o r i f i c e  length of 10 j e t  diameters, the  
o r i f i c e  flaw a t  the e x i t  is therefore not independent of the entry flow. 
This is i n  contrast  t o  the  long (S0:l) LID o r i f i ce ,  where the  o r i f i c e  
length is suff ic ient  f o r  the  establishment of f u l l y  developed flow. 
Fuel Orif ice 
Diameter, 
inch 
0.063 
0.081 
0.063 
0.063 
0.085 
I Manif old 
Oxidizer Orif ice 
Diameter, 
inch 
- - 
- - 
0.086 
0.128 
0.063 
Upstream Feed 
o r  Tube 
Diameter, inch 
0.180 
0.250 
0.180/0.250 
0.180/0.370 
O.25O/Integral 
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'fhe i r i lc t  geomet ry f o r  t h e  pentad clement was somelihat d i  f f c r v n t  3s r;ho\in 
I I .  1. 'fhe o u t e r  f o u r  o r i f i c e s  ( o s i d i x - r l  were fed  from an annular  
manifold.  'Ihe c e n t r a l  f u e l  o r i f i c e  way fed  from a  s t r a i g h t  tube  having :i 
cross  s e c t  ion of t h r e e  j e t  d iameters  and ;t length  of approximately lIx: t h e  
cn t  rancc diameter.  
I t  should  h e  noted t h a t  a l l  of t h e  10: 1 I./D elements used i n  'I'ask I I were 
i d e n t i c a l  t o  those  of  t h e  Ref. 13 program. :I11 comparisons of p resen t  and 
prcvious  s h o r t  o r i f i c e  d a t a  a r e  made on t h e  b a s i s  of s i m i l a r  en t rance  and 
u r i  f i c e  geometry. 
I'ropel l a n t  Simulants 
'Ihree p r o p e l l a n t  s imulants  were used dur ing t h i s  stildy: S h e l l  Type 270 
p a r a f f i n  wax, wa te r ,  and a  s o l u t i o n  c o n s i s t i n g  o f  75-percent (by volume) 
diethanolamine and 25-percent water.  A summary of  t h e  p e r t i n e n t  physical  
p r o p e r t i e s  a t  t h e  1~2minal  i n j e c t i o n  temperature o f  200 F is given below: 
Densi ty ,  Viscos i ty ,  Sur face  Tension,  / t 1 t - s c  dynir/cm I 
I 
i 
' S h e l l  2701 47.7 i 2.02 x 10-~1 2 5 i 
I 
! I i 
/ 759 DEA- I b3 .9  1 2.0 x ! X:l I 
The \<:is flow f:icil i t y  used f o r  t h c  d r o r ~ s i z e  measurements is  sho\\n i n  
F i g .  5a and 5h. The o v e r a l l  system cons i s t ed  o f  \fax and w t c r  s u ~ ~ n l y  
t anks  immersed i n  n hot o i l  ba th  c o e t a i n c r  and :I ; )ar t  i c l e  collector which 
ca tches  t h e  f rozen \J:IX p a r t i c l e s .  Instrumentat  i on ttsccl t o  me:tst~r? r)res- 
srlre, f l o u r a t e  xnd temr>craturc cons i s t ed  o f  .;trnin RilllgC t r :~nsducers ,  
t t ~ r h i n c  f lohmet c r s  and iron-constantan thcrmoco~tr les ,  r c s ~ l c c t  ively .  
I'nch \<ax and water tank had an inder~endent n r e s s u r i  = iny  :incl vent system. 
Also, 3s  i l l u s t r a t e d  i n  Fig. 6 and 7,  e a c h  product out  l i n c  had t h r c c  flow- 
mcters,  thermocouples, and hand s h u t o f f  va lves  :~rr;~nqcct i n  nara  1 l e l  s o  :i 
\(iclc rnnge o f  f iowra tes  could be  obtained.  711c hot o i  1 ba th ,  sho\<n schcm- 
a t i c n l l y  i n  F i g .  8, \<as hented b!- lncans o f  a 30 ki lou: i t t ,  t !~e rmos ta t i ca l ly  
c o n t r o l l e d  hea te r .  An clectric:ill!. opcra ted pump circu1:ltert t l l c  o i l  from 
t h c  o i l  hat11 c o n t a i n e r  through thc  h e a t c r  and back. . \ lso,  hot  o i l  \\.as 
forccll through j;ickctcil run l i n c s  and va lvcs  t o  ensure  t h a t  t h e  \cis d i d  
not f r e e z e  i n  t h e  feed l i n c s .  
The p a r t i c l e  c o l l e c t o r ,  shown i n  Fig. Sh, is  ;1 18 by 50 foo t  epoxy-contchti 
wooden pla t form which i s  located under a roofed s t r u c t u r e .  The i n j e c t o r  
end of  t h e  c o l l e c t o r  is surrounded by :i large canvas (not shown in t h c  
f i g u r e )  t o  reduce wind c u r r e n t s  which would cause t h e  smal le r  n a r t  i c l e s  
t o  bc h l o m  away. 
a. Wax Flow System 
.. . 
Coat ctl 
)rm 
b. Particle Collector 
Figure 5. Wax Flow Facility 
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Figure b .  Scheinatic of Hot h'ax System 
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l 'hv ps?crimcnt:~ 1 !~rocctitirr f o r  ~lrc??)l c.t s i  :L. mc~;isrirc~ficylt ,;:is :1.: f , ~  1 1 (-,\\.: : 
. . 1. Ihc i n i c e t o r  config1ir:ttion \,.\.as insta!lctl on t h c  r;:is f ; tc i l  it! 
qo th:tt t h e  \<as s!-,ray crc : t tc~l  by t!lc o r i f  ic.c.5 3ftc.r freezing 
dur ing i t s  h a l l  i s t  i c  tr:t-it.ctor>- s t r i k c s  t!lc p:irt i c l c  ct>l l e c t o r .  
2 .  The c l c c t r i c : i l  o i  1 he:iter ; ~ n d  !>umrl ucrcs turned on t o  h r i n ~  t h c  
p r o p e l l a n t  simulant  t a n k s  :ind run l i n e s  ti!-, t o  2lO'ly. 
3.  . \ f t c r  a l l  p a r t s  o f  t h e  system \<ere heated and instrumt1nt:lt ion 
rcquircments checked, t h e  run t a n k s  w r c  hcatcci and t h e  r u n  t anks  
l iere p r e s s u r i z e d .  
1. K i t h  t h e  p i s t o n  onerater1 s h u t t e r  i n  t h e  UP ~ o s i t i o n ,  t h e  t e s t  
\ i 3 ~  i n i  t i a t c d  hy a c t u a t i n g  t h e  m:lin pneumatic s h u t o f f  valves .  
\Then t h e  f lnwra tcs  and in- iec t ion p r e s s u r e s  reached a s t eady  
conrtit ion ,  t h e  s!luttcr v:is nc tua ted  and t h e  K:IX p a r t  i c l c s  \<ere 
a l lo \ i ed  t o  s9r:iy on to  t h e  p a r t i c l e  c o l l e c t o r .  The tlse o f  t h e  
s h u t t e r  ~ninilnized t h e  inf lucr .cc  of s t a r t  and s t o p  t r a n s i e n t s  
on t h e  s i z e  d i s t r i b u t i o n  o f  t h e  c o l l e c t e d  n a r t i c l e s .  
5. The i n j e c t o r  f lo \ i  \ i 3 ~  continued f o r  apnrosimate ly  10 seconds. 
The s h u t t e r  \(as then a c t u a t e d  t o  t h e  up p o s i t i o n  and main shut-  
o f f  v:ilvcs c losed.  
h .  The t:lnks liere then lrentcd and systems sectlred. 
7 .  The p a r t i c l e s  \icrt. washed from t h e  c o l l e c t o r  i n t o  t h e  catt:h 
l ,~ . s in ,  \<here they were scooped from t h c  s u r f a c e  o f  t h e  water  and 
plnccd i n  a ~ l l a s t i c  hag f o r  temporary s to rage .  
'I'lir i'o 1 lo\iing proL.ct!itrc :<;is ust3d f o r  t h c  anrl lys  i s  of tllc !~:ir-t ic. 1t.s: 
1 .  .\ lO(1-gram samrllc of \i:is p a r t  i c l c s  \(\'as pl :~ccd i n  a Huchner funnc! 
:tncl s n t > i t ~ c t t J  t o  suc t ion  f o r  rcmov:il of \i:ttcr. 
2 .  . \ f t c r  t h e  p:irt i c l c s  h:td becn p a r t  1' d r i c d  hy suc t  ian ,  thcv \<ere 
pl;icctl on :i l a r g e  tr:iy i n  :t vticuum chamber f o r  :I pcr iod  o f  a t  
l e a s t  -!S hours t o  o l s u r c  t h a t  t h e  ~ ~ : ~ r t i c l e s  wrc  conp le tc ly  dry.  
3 .  A f t e r  drying,  a rx-ldom 10-gram sam:-rlc \<as s e l e c t e d  t o  be s i c r e d .  
:\ s e r i e s  of 23 stcindard t e s t  i r ~ g  s i e v e s  ranging in s i z e  from 55 
t o  2380 microns \<as used. For any p a r t i c u l a r  sample, only 12 o f  
t h e  s i e v e s  ;<ere usecl; t h e  p a r t i c u l a r  s ieve s i z e s  used depended 
upon t h e  a n t  icipri ted s i z e  range o f  t h e  p a r t  i c l e  sample. The 
s i e v e s  were sh:iF.cn on r i  "110- automat i c  s i e v e  shaker  f o r  30 
m i  ... , t e s ,  dur ing  \<hich t ime t h e  shaking \<as stopped every 6 minutes 
and each s i e v e  s t r u c k  shnrplv  s e v e r a l  t imes t o  he l?  r e l e a s e  any 
p a r t  i c l e s  \ihich had become \<edged i n  t h e  s i e v e  screens .  
-1. A f t e r  t h e  s i e v i n g  opera t ion  was completed, t h c  mass o f  p a r t i c l e s  
r e t a i n e d  on each s i e v e  \<as weighed on an e l e c t r i c  balance.  I t  
was found t h a t  w i t h  cons ide rab le  c a r e  i n  t r a n s f e r r i n g  t h e  wax from 
t h e  s i e v e s  i n t o  t h e  \ ieighing pan, a t o t a l  recovery o f  97 t o  99 pe r -  
cent  o f  t h e  mass o r i q i n a l l y  in t roduced i n t o  t h e  s i e v e s  was poss 'ble.  
The photographs shown i n  Fig. 9 a r e  t y p i c a l  of  t h e  uniformity  o f  
s i z e s  o f  t h e  s o l i d  \<ax p a r t i c l e s  obta ined by t h e  s i e v i n g  opera t ion .  
5. These d a t a  liere then converted i n t o  t h e  t o t a l  f r a c t i o n  o f  mass 
havlng a p a r t i c l e  s i z e  smal le r  than  each o f  t h e  s i e v e  s i z e s .  .An 
example of t h e  ra\s d a t a  and conver ted  d a t a  is shokm i n  Table 2 .  
The d a t a  shown i n  Table  2 a r e  a l s o  shown p l o t t e d  i n  Fig.  10. 
500 Microns 420 Microns 
354 Microns 250 Microns 
177 Microns 125 Microns 
Figure 9. Photographs of Solidified Wax Droplets Using a 
0.063-Inch-Diameter Like-Doublet Element 
TAHLE 2 
'TYPICAL RESkII.'TS FROM SIEVING ANALYSIS* 
*0.063-inch-diameter like-doublet injector with free jet length 
of 5 diameters and AP = 100 psi. 
Cumulative Fraction of Total 
Mass ltpving Particle Size 
Smaller Than Sieve Size 
- - 
0.0153 
0.0293 
0.0464 
0.0674 
0.1348 
0.1946 
n. 2999 
0.4212 
0.5719 
0.7346 
0.8496 
0.9664 
4 
Sieve Size, 
microns 
Catch Pan 
88 
105 
125 
149 
177 
2 10 
250 
297 
354 
420 
500 
590 
Mass in Sieve, 
grams 
0.156 
0.139 
0.169 
0.208 
0.667 
0.591 
1.042 
1.201 
1.490 
1.609 
1.138 
1.155 
0.332 
Fraction of 
Total Mass 
0.0153 
0.0141 
0.0170 
0.0211 
0.0674 
0.0598 
0.1053 
0.1214 
0.1507 
0.1627 
0.1150 
0.1168 
0.0336 
-
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DETERMlNATION OF DIETfiANOLAMINE ENTRAPPED IN WAX DROPLETS 
The method developed fo r  the  determination of diethanolamine (Dm) 
entrapped in  the  wax droplets  involved three  phases: 
1. Removal of  the  surface DEA 
2, Extraction of  the  entrapped DEA 
3. Analisis of the extract  solution f o r  DEA 
The removal of the  surface DEA required repeated washing of the  droplet 
samples using room temperature d i s t i l l e d  water i n  a large extraction funnel, 
A gas chromatographic analysis  fo r  residual  DEA was performed a f t e r  each 
wash u n t i l  complete removal was verif ied.  Minimal r inse  volumes were used 
t o  preclude d i lu t ion  below analyt ical  detection l i m i t s .  Experiments were 
a lso  conducted t o  ver i fy  tha t  DEA was not soluble i n  the  paraff in wax, 
These experiments included long-term (12 days) ,surface contact with pre- 
formed wax droplets  a t  room temperature t o  indicate surface uptake and 
possible so lubi l i ty .  The 12-day soak period revealed no entrapped DEA. 
Extractions of the  entrapped D M  were performed on a weighed portion of 
the  wax droplets  a t  a temperature such tha t  the  wax was molten. The 
sample was placed in  an Erlenmeyer f l a sk  on a hotplate and the  solut ion 
agitated t o  ensure thorough mixing. This arrangemenr. permitted repeated 
aqueous extractions of the  molten wax. Each portion of the  aqueous ext rac t  
was placed in  a volumetric f l a sk  f o r  d i lu t ion  t o  a known t o t a l  volume. Pre- 
c i p i t a t e s  had been observed with low-level DEA solut ions during the  prepara- 
t ions  f o r  the  cal ibrat ions.  The addition of several drops of ammonium hydro- 
xide precluded acidic-carbonate interfererace and ensured the  f r e e  base was 
in solution. 
Analysis of the  aqueous extract  f o r  DEA was accomplished by gas chroma- 
tography as  follows: 
Instrunient : Aerograph 6004 with flame ionizat ion detector  
C o l m :  5 percent DC550 on 40160 Fluoropak-80, 10 foot by 118 inch 
Temperatures: Colui~~n -; 150 C isothermal, injection port = 180 C 
Flowrat es : Carrier N = 25 ml/min; Hz = 25 ml/min, Air - 250 ml/min 2 
Readout : Sargent SK recorder, 0 to 1 mv, with Disc Integrator 
The absence of chromatographically detectable substances was verified by 
examinations of aqueous extractions of the bulk wax and droplets fo'med 
by wax-wax injector impingement. Positive identification of DEA response 
using these stated parameters was continuously verified by injection of 
DEA standards in the range of 0.2 to 1.0 weight percent. 
Calibrations were performed using 2- 2- (2- ethoxy ethoxy) ethoxy ethanol 
as an empirically derived internal standard. The additic. of a known 
concentration of this standard to the prepared DEA/H20 calibration mixtures 
yielded a linear nomograph (see Fig. ll), which was independent of minor 
instrumental and injected sample size differences. The standard was 
similarly added to the extraction samples, approximating the calibration 
concentrations. 
The selection of 2- 2- (2- ethoxy ethoxy) ethoxy ethanol as an internal 
standard was made to meet the criteria established by the chromatographic 
parameters required for DEA detection. Lower homologs of this compound 
had been used successfully under these same conditions, demonstrating 
symmetrical peaks and reproducible retention times. The ethoxy ethanols 
are typically water soluble and have demonstrated both chemical and thermal 
stability under these chromatographic conditions. The addition of each 
ethoxy group to the parent ethanol increases the molecular weight which 
allows predictable retention times in relationship to DEA. 
Sample Calculation 
Chromatogram. A typical analysis chromatogram with peaks for DEA and the 
internal standard is shown in Fig. 12. Note the absence of a water peak 
even though the sample was an aqueous extract. This is because of the 
fact that the flame ionization detector responds only to carbon containing 
organic compounds. 
0 . 1  1 .o 
AREA FACTOR 
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Figure 1 1. Diethanolamine Calibration Using 
an Internal Standard 
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Figure 12. Diethanolamine Analysis Chromatogram 
Calculations. The entrapped DEA in wax concentration was calculated from 
the known wax sample weight, the total extraction volume, and the concentra- 
tion of liEA in the extract. A stepwise sample calculation is presented 
below. 
1. Weight of dry wax sample (surface DEA removed), grams = 38.96 
2. Total Volume of Extract, milliliter = 30.0 
3, Concentration of Internal Standard, percent = 0.728 
Peak Area of DEA 
'0 From chrolaatogram* Peak Area of Into Std. = 1.06 
5. Area Factor = Peak Area of DEA x Concentration of Internal Standsrd Peak Area of Internal Standard 
6. From the nomograph (Fig, ll), 
Area Factor 0,772 = 1.0% DEA in the 30.0-ml extract 
which weighed 30 grams 
7. Concentration of DEA in Wax Sample = (1% DEA) (Weight of extract) Weight of Original Sample 
Concentration of Dl3 i.: Wax Sample = (I*") (30*0 P)  = 0.8% 38-96 gm 
8. Concentration of  DEW*^^ lax sample = % DW0.75 
Concentrakion of DEW in Wax sample - -  O*' = 1.07% 0.75 
*DEW denotes the DEA-H,O solution. 
RESULTS AYD DISCUSS ION 
The experimental technique used t o  determine droplet s i z e  and dropsize 
d is t r ibut ion  w a s  the  method of frozen wax. The experimental approach was 
designed t o  determine variat ions i n  droplet s i z e  and droplet s i z e  d i s t r i -  
bution with changes in  spec i f i c  in jec to r  geometric and hydraulic parameters. 
The a b i l i t y  t o  dist inguish between measured variat ions i n  the  atomization 
characteris  t i c s  is determined by the accuracy and repeatabi l i t y  of the ex- 
periment. Consequently , p r i o r  t o  the  presentat ion of the  experimental r e s u l t s  
f o r  each of the  four program tasks some aspects of the  da ta  qua l i ty  are  
discussed. 
Because of i t s  desirable sieving charac ter is t ics ,  Shell  type 270 wax w a s  
se lec ted  f o r  use as the  propellant simulant. Ut i l iz ing  the  Shel l  270 molten 
wax can present some problems i n  da ta  reduction. Speci f ica l ly ,  when the  
wax droplets  freeze, they first form a s o l i d  outer  s h e l l  which remains r ig id .  
When fu r the r  freezing of the remaining core takes place, a hollow core is 
formed because the  wax speci f ic  gravity c'.anges from 0.79 t o  0.92. Visual 
observation of the  drop lets under a microscope has substantiated tha t  t h i s  
phenomena occurs. 
Because the  outer s h e l l  freezes before the  core, then the  f i n a l  frozen drop- 
s i z e  w i l l  be near t h a t  of the  i x i t i a l  molten droplet.  However, i f  it is 
desired t o  convert the  measured data  t o  the  number of droplets ,  then it would 
be necessary t o  accurately determine the  droplet density. The densi ty w i l l  
be  d i f ferent  than tha t  quoted f o r  Shell  270 due t o  the  hollcw core. 
To determine the  limits of data reproducibi l i ty,  two separate sets of ex- 
periments were conducted t o  measure dropsize over a range of in jec t ion  
veloci ty from about 70 t o  150 f t / s e c  employing a l i k e  doublet in jec tor .  
Tfie r e su l t s  of these tests are presented i n  Table 3 and Fig. 13. The 
mass median dropsize w a s  repeated t o  within 23 percent as indicated by 
the  dashed l ines .  
TABLE 3 
FACILITY CHECKOUT AND DATA REPEATABILITY TESTS 
Like Doublet Element 
Orifice L/D = 10 
Orifice Diameter = 0.063 Inch 
TASK IA--PROPELLANT MISCIBILITY EFFECTS 
The objective of t h i s  task was t o  deternine the effect  of miscibil i ty on 
droplet s ize  and dropsize distribution. The determination of the effect  
of miscibil i ty on the  atomization process is complicated by the large 
number of variables which could also affect  these resul ts .  For instance, 
such paraneters as the momentum level, o r i f i ce  diameter ra t io ,  and the 
dynamic pressure r a t i o  can effect  the atomization characterist ics.  I t  is 
important t o  select  a liquid which is imi sc ib l e  with wax but which has the 
proper physical properties. To separate these effects ,  where possiblc, the 
resul ts  fo r  th i s  task are discussed i n  three sections. In the f i r s t  section, 
the rationale fo r  the selection of a suitable inmiscible liquid is presented. 
Then, the effects  of miscibil i ty on dropsize distr ibution for  differing 
re la t ive  or i f i ce  diameters, momentum levels, and dynamic pressure ra t ios  
are presented. Finally, the effects  of the same parameters on the mass 
median dropsize are discussed. 
Mass Median Dropsize, 
microns 
413 
415 
337 
303 
256 
223 
4 
Test No. 
- -- - - . -  . .
1 
2 
3 
4 
5 
I 6 
Wax Flowrate, 
lb/sec 
. .- . - -- -. - - 
0.150 
0.162 
0.207 
0.227 
0.268 
0.309 
Injection Velocity, 
f t / sec  
- -. - - - - - - 
72.5 
78.1 
100.1 
110.0 
1 ~ 9 . 9  
149.7 
- 
1 NJECTl ON VELOCITY , FT/SEC 
Figure 13. Results of Facility Checkout and Data Repeatability Tests 
. $ 
- 4  
Selection of the Immiscible Liquid 
4 
-. 
... X' 
5. A t  the  outset of the program, a l i t e ra tu re  search was made t o  determine 
'C: 
5. sui table  l iquids f o r  use i n  the misc ibi l i ty  studies.  I t  was considered +' 
1. desirable t o  use a wax immiscible l iquid which possessed the same density, 
viscosity_, and surface tension. This would allow a d i rec t  conparison of 
the e f fec t s  of propellant misc ibi l i ty  on dropsize d is t r ibut ion.  Several 
candidate l iquids were evaluated, including water, glycols, ethanolamines, 
and various other mine  compounds. However, no one compound o r  blend could 
meet a l l  of the c r i t e r i a .  Assuming so lub i l i ty  and viscosi ty t o  be two n f  
the Isore important fac tors ,  an aqueous solut ion containing approximately 
75-percent diethanolslgine appeared t o  be the  bes t  candidate. This mixture 
was found t o  be insoluble i n  the  wax, has the  same viscosi ty a t  200 F , and 
has a density of about 1.0 grn/cc as compared t o  wax which is-0.76 gmlcc. 
In addition, diethanolamine has the advantage of being nontoxic, compatible 
with aluminum and s ta in less  steel, and is inexpensive. An al ternate  l iquid 
t h a t  was cpnsidered w a s  water thickened t o  increase the  viscosi ty.  For 
brevity,  the  diethanolamine-water mixture is henceforth referred t o  as DEW. 
Dropsize Distribution 
For these studies,  three unlike-doublet in jec to r  elements having diameter 
r a t i o s  of 1.0, 1.36, and 2.03, and an impingement angle of 60 degrees were 
evaluated. To ensure t h a t  the  f r e e  jet velocity p ro f i l e s  were synmetrical, 
long o r i f i ces  (L/D = 50) with contoured en t r i e s  were used. In a l l  cases, 
the f ree  j e t  length was maintained constant a t  5 diameters. 
A t o t a l  of 29 experiments were conducted. The experiments were conducted 
such that  the wax and the  DEW were a l ternate ly  used t o  simulate the  fue l  
and the  oxidizer. Therefore, when war. was used as the  fuel  simulant and DEW 
as the oxidizer simulant , the fuel-side droplet  d is t r ibut ion was determined 
f o r  the  case of immiscible liquids. Colabining the  d is t r ibut ions  obtained 
i n  individual tests f o r  fue l  and oxidizer gives the t o t a l ,  mass-weighted 
dis t r ibut ion and mass median dropsize (5) under conditions of intmiscibi li t y  . 
I t  should be pointed out tha t ,  i f  the dynamic pressure r a t i o  is such that 
the stream issuing from the larger or i f ices  stagnates ( i .e . ,  has a slaaller 
dynamic pressure than the other stream) against the other stream, then when 
the fluids are reversed the same larger o r i f i ce  stream w i l l  s t i l l  be the 
stagnating stream. 
Because two separate t e s t s  are conducted, the proper r a t i o  of masses must 
be used t o  obtain an overall distr ibution (corresponding t o  the input mixture 
ra t io) .  The calculation procedure for  obtaining the t o t a l  dropsize and drop- 
size distr ibution is  presented-in Table 4. 
TABLE 4 
CALCULATION PROCEDURE FOR OBTAINING TOTAL DROPSIZE 
DISTRIBUTION FOR IhlMISCIBLE IMPINGEMENT 
= 348 microns f Sieve Run No. 8 
Cumulative 
Fraction 
-- 
0.00064 
Total 
Weighted 
Fraction D/E 
- - 
0.253 
RunNo. 
Mass 
Fraction 
Weighted 
Fraction 
105 
125 
149 
177 
210 
250 
297 
354 
420 
500 
590 
710 
Size, 
microns 
11 
Weighted 
Fraction 
Mass 
Fraction 
0.302 
0.359 
0.428 
0.0008 
O.OC17 
0.0048 
0.0074 
0.0369 
Pan 
88 
- - 
0.0035 
0.0180 
0.0414 
0.1045 
0.1472 
0.2014 
0.2560 
0.1503 
0.0628 
0.0082 
0.0042 
- - 
0.00182 
0.00938 
0.02157 
0.05444 
0.07669 
0.10493 
0,13338 
0.07830 
0.03272 
0.00427 
0.00219 
0.0434 
0.1054 
0.1412 
0.1764 
0.1876 
0.1375 
0.1176 
0.0392 
-- 
0.0005 
0.0020 
0.00038 
0.00081 
0.00026 
0.00104 
0.00064 
0.00185 
0.00249 
0.00479 
0.01015 
0.00230 
0.00351 
0.01768 
0.00230 
0.00536 
0.02706 
0.02079 
0.05049 
0.06763 
0.08450 
0.08986 
0.06586 
0.05633 
0.01878 
- - 
0.04236 
0.10493 
0.14432 
0.18943 
0.22324 
0.14416 
0.08905 
0.02305 
0.00219 
0.03721 
0.07957 
0.18450 
0.32882 
0.51825 
0.509 
0.604 
0.719 
0.854 
,1.017 
0.74149 
0.88565 
1.207 
1.437 
0.97470 
0.99775 
1.696 
2.040 
- 
F L ~  the case of miscible impingement, a th i rd  experiment was conducted 
ut i l iz ing molten wax as the  simulant fo r  both fuel  and oxidizer. This 
experiment, which was conducted a t  approximately the same to t a l  je t  
momentum level, as in  the preceding immiscible t e s t s ,  gives di rect ly  the 
overall distr ibution fo r  miscible impingement. 
The resul ts  fo r  each experiment conducted are presented i n  Table 5. A l l  
pertinent geometric, hydraulic, and dynamic parameters are included. The 
l a s t  column i n  the table is the mixing uniformity (4) defined by Rupe 
(Ref. 16) as: 
where 
p = propellant density 
V = injection velocity 
d = orif ice  diameter 
Note that  the ~xbsc r ip t s  1 and 2 r e f e r  t o  the respective propellant systems 
as  labeled i n  the table. This could be somewhat confusing in  tha t  the 
momentum r a t i o  (MI&) o r  dynamic pressure r a t i o  (PT~/P~*) is not always 
the wax/DEW rat io .  For each t e s t ,  the mass median dropsize of the or i f i ce  
or o r i f i ces  flowing are presented i n  the last c o l m .  The three unlike 
doublet injector elements were each flowed a t  three molsentm levels 
2 
(;oxvox + i fv f )  of 7, 20, and 40 f t - lb /sec  . Insufficient freezing of 
the wax drops using the 2.03 d i m t e r  r a t i o  element invalidated the data 
obtained a t  the low somentwn level of 7 f t - l b / s ah ;  hence; t h i s  data point 
was not included in  Table 5. 
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I t  was i n i t i a l l y  intended t o  conduct a l l  of the t e s t s  a t  the uniformity 
mixing conditions defined by Rupe (Ref.10). Because of an error  in the 
flow calculations, a number of t e s t s  were made a t  non-optimum flaw condi- 
tions. Examination of Table 5 shows th i s  t o  be t rue  for  the 1.36 diameter 
r a t i o  element (with the exception of t e s t s  16 through 18) . However, the 
experiments conducted with the 1.0 and 2.03 diameter r a t i o  elements ( t es t s  
1 through 6, and 22 through 29, respectively) were made a t  o r  near the 
optimum mixing value. 
Diameter Ratio and Momentum Level Effects. The basic data obtained t o  
detemine the influence of diameter r a t i o  and momentum level are presented 
in  Fig. 14, 15, and 16. In Fig. 14 the cumulative mass fraction as a 
function of the droplet s ize  normalized by dividing by the mass median 
dropsize fo r  several moment- ?e*els are presented fo r  the case of innnis- 
cible (wax/DEW) and miscible (waxi'wax) flow. These data were obtained 
u t i l i z ing  an equal diameter unlike-doublet. Consequently, fo r  these ex- 
periments the dynamic pressure r a t i o  is nearly one. In addition, because 
the dynamic pressure r a t i o  is almost unity and the or i f ice  sizes are equal, 
then the dropsize distr ibution determined f o r  the o r i f i ce  flowing wax i s  
representative of the overall spray dropsize distr ibution.  I t  i s  obvious 
from inspection of Fig. 14 that  momentum level had no discernible affect  
on dropsize distribution. 
The data presented f o r  the 1.0 and 2.03 diameter r a t i o  elements (Fig. 14 
and 16, respectively) can be used direct ly  t o  detemine i f  miscibil i ty has 
an effect  on the dropsize distribution. The data obtained f o r  the 1.36 
diameter r a t i o  element (Fig. 15) cannot be u t i l i zed  because t e s t  conditions 
did not correspond t o  the uniform mixing conditions. For the equal diam- 
e t e r  resul ts  shwn in  Fig. 14 it is only necessary t o  compare the d i s t r i -  
bution curves shown i n  the upper plot  obtained with wax flowing i n  one 
or i f ice  and the inmiscible f lu id  DEW i n  the other with the lower curve 
obtained with wax flowing in  both or i f ices  (miscible). For the unequal 
diameter or i f ices ,  i t  i s  f i r s t  necessary t o  combine the distr ibutions 
obtained f r m  both the large and the small o r i f i ce  t o  obtain the overall 
0 0.4 0.8 1.2 1.6 2.0 2.4 
REDUCED OIAHETER, 0/6 
Figure 14. Normalized Distribution Curves for an 
Unlike-Doublot Element Having a Diameter 
Ratio of 1.0 
DIAMETER RATIO = 1.36, O R I F I C E  L/D = 50 
4 I. M l  XING PARAMETER (a,, = 0.5) 
RUN 4 
HOHE~~TUH SYHEOL NO. 
-- - - 
:3 I0 0.659 
11  0.727 8 I2 0.624 
I 
2.0 2.4 
HOHENTUM SYMBOL NO. 
--- 
0.2-- 
REDUCED DIAMETER, ~ f i  
Figure 15. Normalized Distribution Curves for an Unlike- 
Doublet Element Having a Diameter Ratio of 1.35 
Figure 14. Normalized Distribution C m e s  for an Unlike- 
Doublet :--e.nent Having a Diameter Ratio of 2.03 
41 
distr ibution.  This r e su l t  can tlten be d i rec t ly  compared t c  the  overal l  
d is t r ibut ion  shown i n  the  lower curve obtained a t  near ident ica l  flow 
conditions and consequently nearly ident ica l  dycamic pressure r a t i o  with 
wax f l ~ w i n g  in  both o r i f i ces .  This was done f ~ r  the 1.0 and 2.03 diameter 
r a t i o  elements and t?e  r e su l t s  are presented i n  Fig. 1'. These resu t t s  
show t h a t  misc ib i l i ty  has an e f fec t  on the  dropsise d is t r ibut ion .  Tn 
addition, the  condition of i m i s c i b i  l i t y  r e s u l t s  i n  a d is t r ibut ion  closer  
t o  the  monodisperse case ( a l l  droplets  a t  ;ne diameter) tha2 does miscible 
impingement. 
A comp~rison of the  miscible curves f a r  the  1.0 and 2.03 diameter r a t i o  
unlike-doublet elements is shown i n  Fig. 18; the  immiscible r e su l t s  are 
shown i n  Fig. 19. Exzmination of these two f igures shows tha t  the  e f fec t s  
of diameter r a t i o  were small and approximately the  same f o r  both miscible 
and immisrib le impingement. 
Examinaticn of the  dropsize d is t r ibut ion  obtained with the  unequal diameter 
r a t i o  elemects, Fig. 15 and 16, shows t h a t  the  d is t r ibut ions  obtained f ~ r  
the  large and the m a l l  diameter o r i f i c e  were d i f fe ren t .  This is i i l u s -  
t r a t ed  i n  Fig. 20. fT '  s h w l d  be noted t h a t  the  mag2itude of the  d i f fe r -  
ences i n  the  d is t r ib~, , ,as  a re  i n  agreement with those found i n  the  Ref. 14 
study.) This difference i n  the  d i s t r ibu t ion  characteristics between the  
larger  and smaller diameter o r i f i c e s  can be a t t r ibuted  t o  e i t h e r  diameter 
r a t i o  e f fec t s  o r  the  f a c t  tha t ,  i n  a l l  of the  unequal diameter e q e r i n e n t s ,  
the  larger  of the  two streams wzs stagnated (i-e., the  I :rger s' an bad 
a lower stagnation pressure) and should therefore produce d i f fe r ing  char- 
ac te r i s t i c s .  Based upon physical arguments, it would be expected t h a t  the  
larger  diameter o r i f i c e  would produce a grea ter  number of droplets  of  large 
diameter than the  s ~ t a l l e r  o r i f i c e  because p a r t  of the  la rger  jet does not 
cone i n t o  d i rec t  contact w i t r  the  smaller jet a t  i n i t i a l  impingement. 
Exz ina t ion  of the  r e su l t s  s h m  i n  Fig. if! shows t h a t  f o r  both the  1.36 
and 2.03 diameter r a t i o  elements, the  larger stream produces a grea ter  
nunher of 1 arger droplets even though the  mixing qual i ty  was s igni f icant ly  
0 0.4 0.8 1.2 I .6 2.0 2.4 
REDUCED DIAHETER, o/E 
Figure 17. Normalized Distribution Curves for hfiscible and 
Inmiscible Impingement Using Unl ike-Doublet 
Injection Elements 
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different  f o r  the  two cases. This suggests t h a t  the  difference i n  d i s t r i -  
butions is caused by diameter r a t io .  However, the  da ta  are  not su f f i c i en t  
t o  ver i fy  whether diameter r a t i o  o r  the  stagnation of one stream produced 
the  differences i n  the  d is t r ibut ion .  
Dynamic Pressure Ratio Effects.  Six w a x  experiments were conducted u t i l i z i n g  
the 1.36-diameter r a t i o  element with the wax simulating the  fue l  (df < do), 
tests No. 16 through 21, Table 4. The addition of  these da ta  with the  pre- 
vious immiscible, fuel-side experiments (runs 7 through 9) provided a com- 
parison of the  e f fec t  of dynamic pressures on the  fue l  dropsize. The ex- 
perimental d i s t r ibu t ion  data  are p lo t ted  i n  Fig. 21. For ea.:h dynamic pressure 
r a t i o  the  t o t a l  momentum of the streams was varied. I t  should be noted, 
however, tha t  i n  varying the  dynamic pressure r a t i o ,  the  mixing parameter 
is a lso  changed. (As discussed e a r l i e r ,  it was found t h a t  momentum level  has 
ao e f f e c t  on the dropsize d is t r ibut ions . )  A comparison of the  average d i s -  
t r ibu t ion  curves f o r  these three  cases is shown i n  Fig. 22. These r e s u l t s  
show tha t  the  dynamic pressure r a t i o  has a small e f fec t  on dropsize d i s t r i -  
bution. I t  should be noted t h a t ,  f o r  the  nominal dynamic pressure r a t i o s  
of 1.26 and 2.57, the  oxidizer (large) stream is stagnated, whereas, a t  0.79, 
the  fue l  (sma'ter) stream is stagnated. These re su l t s  show tha t  the  d is -  
t r ibut ions  a r -  d i f f e ren t  f o r  each dynamic pressure r a t i o  evaluated. This 
suggests tha t  f o r  each flow condition with unequal dynamic pressure r a t i o s  
no universal d is t r ibut ion  curve ex i s t s .  Therefore, each flow condition w i l l  
have a unique dropsi ze d is t r ibut ion  . 
Mass Median Dropsi ze 
To more f u l l y  describe the  miscible and immiscible spray charac ter is t ics ,  
a s t a t i s t i c a l  mean o r  median dropsize is required i n  addition t o  the d i s -  
t r ibut ion  curve. The two most commonly used dropsizes are the  mass median (s) and the volume mean (DjCL For t h i s  program the  mass median dropsize 
was selected f o r  the  following reasons. F i r s t ,  the sieve analysis  of  the  
frozen wax droplets  yields the overal l  s i z e  d i s t r ibu t ion  from which the  
mass median is  eas i ly  calculated. Second, the volume mean dropsize is 
DIAMETER RATIO = 1.36 
ORIFICE L/D = 50 
TOTAL PRESSURE 
MOMENTUM -@T I0 SYMBOL NO. 4 
-- 
1 .o 
0.8 
0.6 TOTAL PRESSURE 
MCHENTUM RAT i 0 
0.4 
0.2 
Figure 21. Normalized Distribution Curves for Unlike-Doublet Element 
at Various Momentum Levels and Dynamic Pressure Ratios 
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dependent u p n  the shape of the  d i s t r ibu t ion  curve, par t icular ly  a t  the 
lower end of the  d i s t r ibu t ion  curve. The mass median s i z e ,  however, is 
bas ica l ly  independent of the shape of the d i s t r ibu t ion  curve, a condition 
which allows f o r  an independent comparison of the spray s i z e  and distr ibu- 
t i o n  charac ter is t ics .  
t4iscibi l i ty Effects on Dropsize. The influence of misc ib i l i ty  on dropsize 
i s  most eas i ly  shown by comparison of the  mass median dropsizes obtained 
f o r  equal diameter j e t s ,  wherein wax was flowed through both or i f ices  and 
then when wax aqd DEW were flowed through the  o r i f i ces .  For t h i s  case 
both the o r i f i c e  diameter, veloci ty,  and dynamic pressure r a t i o s  are  equal 
t o  1.0. These re su l t s  a re  compared i n  Fig. 23. I t  is evident that under 
condi t ims of equal in jec t ion  veloci ty the same s i z e  drops are produced 
f o r  miscible and the  immiscible impingement. 
The correlat ing equations presented i n  Ref. 14 f o r  l ike  doublets and unlike 
doublets a re  as follows: 
- Lo'' D:."~] 
Unlike Daublet: Df = 1.3 x 10 0.14 
where 
D = o r i f i c e  diameter, inch 
v = in jec t ion  velocity, f t l s e c  
md the  subscripts  f and o r e f e r  t o  fue l  and oxidizer,  respectively. 
Substitution in to  these equations shows t h a t  i n  t h e  range of in jec t ion  
veloci ty from 100 t o  150 f t / sec ,  and f o r  an o r i f i c e  diameter of 0.063 
Figure 23. Comparison of Mass Mian Dropsizes for 
Miscible and Inmiscible Impingement 
5 1 
inch, the  two equations agree within -10 percent. Examination of the  two 
equations reveals t h a t ,  because of the  d i f fer ing  exponents of o r i f i c e  
diameter and in jec t ion  veloci ty,  unequal dropsizes - w i l l  be predicted a t  
other values of o r i f i c e  diameter and velocity. I t  should be noted, however, 
t h a t  these dropsize correlat ions were obtained near the ra ther  narrow range 
of only about 100 t o  150 f t / ses .  
Diameter Ratio Effects 
The mass median dropsizes obtained f o r  the  unequal diameter r a t i o  unlike- 
doublet elements are shown i n  Table 6 .  The resu l t s  a re  shown i n  tabular  
form because the  miscible and immiscible in jec t ion  ve loc i t i e s  were not 
ident ica l .  The ve loc i t i e s  i n  the  t ab le  thus represent the  average of the 
miscible and immiscible ve loci t ies .  As shown i n  Table 6 ,  the mass median 
dropsize El and 3 are d i f fe ren t  f o r  each j e t  as  was the  dropsize d i s t r i -  
bution. I t  i s  in teres t ing  t o  note t h a t  the  magnitude of the d i f f e r e n ~ e  
between the  individual dropsizes is much grea ter  f o r  the  la rger  diamete .- 
r a t i o  element. However, the  da ta  were not obtained at flow conditions 
such tha t  a d i rec t  comparison of the  influence 04 diameter r a t i o  o r  velo- 
c i t y  can be made. Also included i n  the  t ab le  f o r  each t e s t  a re  the  overal l  
mass weighted average dropsizes f o r  the e n t i r e  spray. This average drop- 
s i z e  obtained f o r  the i m i s c i b l e  case is compared with the  average spray 
dropsize obtained f o r  the  miscible experiments. Note t h a t  small differences 
do occur but  t h i s  var ia t ion  is within the  accuracy of the  data. 
Dynamic Pressure Ratio Effects. The fuel-side dropsize da ta  obtained i n  
the  1.36 diatite-  r a t i o  t e s t s  are presented i n  Fig. 24. The upper p lo t  
shows tf..c fuei <. d2size as a function of the  uniformity mixing parameter 
defined by I?.;pe (Ref. 16). The data  are  a lso  presented as a function of 
t t e  dynamic pressure r a t i o  i n  the lower p lc~ t .  
The data  show a de f in i t e  t rend toward minimum dropsize a t  the  low lnolnentwn 
levels.  'his trend was not observed a t  the  highest momentum investigated 
2 (40 f t -  lb/sec ) . 
Figure 24. Fuel Dropsize vs Unif .arity Mixing F ~ i b m e t e r  
and Dynamic Pressure Ratio for an Ltnl' t , ~  
Doubl a t  E 1 ement 
TABLE 6 
C(WlPAR1SOS OF MISCIBLE ASD IbB!ISCIBiE DRCTSIZES 
FOR USEQUAL DIXfETER ELM?(=* 
Average" Average* - - 1 
D?, - r1 ',* I 
. D2' (31assKeiphte 4. 
inch r i t / sec  f f t /sec  iaicronsjmicronsi 6, microns 
438 
348 
285 
' 591 ' 583 0.128 
4% 
83 i 272 448 405 
iscible and aiscible  experiments conducted a t  same operating conditions 
relocity and mixture ra t io .  
rage \' = + V ('niiscible ieaiscibie /2 
Although only a liraited amount of data was obtained, it would appear that  
Y: . the m i n i m  dropsire occurs a t  the point of uniform laixing (4 = 3.5 in  the 
upper plot of Fig. 24). I t  should be noted tha t ,  f o r  an unlike doublet 
element hazing unequal diameter or i f ices ,  the conditions of equal dynaric 
-3 s; 
f -. pressure and uniform mixing do not occur simultaneously because 
Mixing Parameter = Dynamic Pressure Ratio x Diameter Ratio 
13 
?. In order t o  determine which of the two parameters is the more significant 
in  producing the *nimm dropsize, it would be necessary to  u t i l i z e  a 
larger diameter ra t io .  For exaryle, a t  a diameter r a t i o  of 2.0 (o/f) , the 
level of Q = 3.S corresponds t o  a value of the parameter I/(~+P~</P~V;) 
TASK IB--0CCURRESCE OF EMJLSIFICATIOS 
The object ive of t h i s  task is t o  determine if  3n emulsion is formed z i t  
the  in ter face  of  t co  j e t s  flowing immissible f luids.  Because unlike i m -  
pinging elements a r e  designed such tha t  the l iquid fuel  and oxidizer  im-  
pinge with considerable dynamic force, it is conceivable tha t  an emulsion 
nay be formed. The occurrence of an emulsion at the  in ter face  would be 
extremely iaportant  t o  any model describing mixing, atomization, o r  re- 
ac t ive  streaa blowapart. .-\ deta i led  descript ion of the  experimental 
method f o r  the  quant i ta t ive  deterraination of the  extent of  emulsification 
was given i n  the  Experinental Procedure Section. Described belox a r e  ( I f  
experiments conducted t o  verify tha t  the  quant i ta t ive  measurements of  
emulsification were indeed the  r e su l t  o f  the  asrount of  one propellant 
entrapped within a droplet of  the  other,  and ( 2 )  the  r e s u l t s  of  the  
emulsification experiments. 
Verif icat ion Tests  
Molten wax and the  diethanolamine-water @Elif) mixture were used a s  propel- 
lant  s i m l a n t s  i n  t h i s  study. The frozen w a x  par t i c l e s  r e su l t ing  from 
unlike element tests were collected a ~ d  thoroughly washed i n  water to  e- 
move any t races  of diethanolamine (DEA: which might have adhered t o  t h e  
outside of the  spherical  par t ic les .  The qcanti ty of  remaining DEA con- 
tained i n  the  wax was determined by mixing the <ax with an  equal amount 
of  water, heating the mixture t o  the melting point o f  the  wax, and allow- 
ing the  mixture t o  separate, The amount of DEA or ig ina l ly  izcluded i n  
the  wax was then determined by a chromatographic analysis  of the  bE4-water 
mixture, A question was raised a s  t o  the  effect iveness of the  removal of 
DEA from the  surface o f  the  droplets .  As discussed below, the  amounts of 
DEA rneascred were small and consequently small amounts of DEA l e f t  on t h e  
surface of t5e droplet  would have a la rge  a f fec t  on the  in te rp re ta t ion  of 
the r e s u l t s .  A control led test was therefore conducted uherei:: wax drop- 
lets uncontaminateci with DEA (formed from wax on wax impingement) were 
subjected t o  a DEA-H20 solut ion f o r  a period of 12 days. The droplets  were 
then given the  identical  washing procedure as t h a t  fo r  the  em1 s i f i c a t i o n  
t es t s .  The wax was then subjected t o  chranatographic analysis to  determine 
the amount of DEA in the droplets. Ihe resul ts  of th i s  analysis showed 
that  no detectable amount of DEA was present in  the washed sample. This 
resu l t  ver i f ies  t'hat the experimental procedure fo r  washing of the wax 
droplets is sufficient  t o  resnove the DEA from the surface. Therefore, alry 
DEA that  is measured in  subsequent experiments was indeed entrapped within 
the wax droplet and not on the surface. 
-
Quantitative Neasuremen: ..f Emlsif  ication 
I t  was postulated that  the aJPount of esulsif ication occurring would be 
different fo r  each injector elea~ent type and rpmenri  levt . Therefore, 
experisents were conducted t o  determine the emulsification characterist ics 
over a range of muuenta level employing bcth an unlike dosblet and unlike 
pentad element injector. The un l ikedo~4 ? r t t  element incorporated a 1.36 
diameter ra t io ,  and the 4-on-1 pentad f- tweertt had a D I D  of 2.03 (four f ox 
outer s t r e a s  impinging on a central stream) ). 
A to ta l  of s i x  tests were conducted; three each fo r  the two injector  types. 
The experiments were conducted over a t o t a l  injected momentux level of 
from about i t o  50 ft-lbm/sec? 
The t e s t s  were conducted a t  nominal fuelloxidizer momentum rat ios  of 0.42 
and 0.98 for  the unlike-doublet and pentad elements, respectively. The 
l a t t e r  value corresponds closely t o  the co-?it ion of optimum mixing fo r  
the pentad (optimum value = 0.82) whereas for  the unlike doublet, due t o  
a calculational error,  the flow conditions were significantly off  the  
optimm value of 0.73. 
The data are summarized i n  Table 7. 
The resul ts  presented i n  Fig. 25 show a nominal level of 1-percent DEW 
imbedded in  the wax droplets for both the unlike doublet and pentad ele- 
ments. A repeat chromatograph4c analysis of the unlike-doublet droplets 
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Figure 25. Percent DEW i n  Wax Versus Total ?.lomentun fnr 
Unl ike-Daublet and Pentad Elements 
obtained at a total momentum of 20 ft-lb/sec2 indicated a repeatibility 
of +25 percent from the mean. Using this error band, the amount of 
emulsification would appear relatively constant over the range of total 
momantum examined in this study. 
From the results of this study, it is apparent that, even though an emul- 
sion is formed when two immiscible liquids collide, the ievel of emulsifi- 
cation appears to be relatively invarient with momentum level for either 
element type. In addition, the amount of enulsification for either ele- 
ment appears to be similar. 
TASK IIX--DROPLET SIZE DETERlfINATfGN 
.4T LW INJECTION VELOCITY 
An experimental investigation was conducted to determine the atomization 
characteristics for single element like-doublet, unlike-doublet, triplet, 
and pentad injectors over a range of injection velocity 30 to 60 ft/sec. 
This study was primarily aimed at extending the velocity range of applic- 
ability of existing empirically determined dropsize correlations (Ref. 14). 
The existing correlations, for all but the triplet element, were obtaified 
over a velocity range of from 80 to 200 ft/sec. Therefore, so that all 
of the correlations would be applicable over the same ranges, the triplet 
element atomization characteristics were evaluated over a velocity range 
of from 30 to 171 ft/sec. The basic elements were designed with orifice 
L/Dfs of 50. In addition, for all but the triplet, experiments were con- 
ducted with eleme~ts having an orifice i / D  of 10. 
A summary of the element configurations and test conditions is presented 
in Table 8. A total of 54 experiments was made, 45 of which were con- 
ducted at the low injection velocities and an additional nine at higher 
velocities. For both the short L/D (10) and long L/D (50) elements, 
experiments were conducted at nominal injection velocities of 30, 40, 
(or 451, and 60 ft/sec to ascertain effects of the reduced hydraulic 
control present in the short L/D elements. A summary of ?he test data 
is presented in Table 9. 
TABLE S 
TASK IIA ELB!ENf GECIMETRY 
AND TEST CONDITIONS 
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Effect of Orifice L/D on Dropsize 
The atomization characteristics produced from injectors designed with 
orifice L/D9s of 50 and 10 were studied. The 10.1 and the 50:l L/D in- 
jectors were designed with rounded orifice entrances. The specifics 
of the designs are discussed in the Apparatus Section. For each of the 
element types (like-doublet, unlike-doublet, and unlike-pentad) and for 
both L/Dts, experiments were conducted at a nominal 30, 40, and 60 ft/sec 
injection velocity with two additional tests conducted at 177 and 202 
ft/sec using the 50:l like-doublet element. The results for all the 
elements tested are presented in Fig. 26 in terms of the mass median 
dropsize as a function of injection velocity. It should be noted that 
the mass median dropsize for the unlike elements i q  presented for both 
the oxidizer and the fuel orifice. The individual comparisons as shown 
in Fig. 26 are made at identical dynamic pressure ratios, because (1) 
the abscissa for Fig. 26 is velocity, (2) both L/D designs for each ele- 
ment type had identicbl orifices sizes, and (3) the momentum ratio was 
held constant for each test with the exception of runs 4 and 36 of 
Table 9. 
In Fig. 26a, the results of the like-doublet element study are presented. 
The 50 L/D element produced smaller droplets than the 10 L/D element over 
the range of velocities shown. This was also observed with the unljke- 
doublet element (Fig. 26b); however, the difference was much larger. 
The pentad results (Fig. 26c), however, indicated very little difference 
in the dropsizes produced by the two differing orifice L/D designs. 
A notable exception is seen for the fuel dropsize at a velocity of 45 
ft/sec. There does not appear to be an obvious reason for this discrepancy. 
The possible reasons for the differing dropsize produced by the 10:l and 
50:l L/D elements are many, but the most likely would include a combination 
of the differing entrance conditions and orifice length, which can result 
in unequal velocity profiles and turbulence levels in the free jet. A 
further discussion of these effects is presented in the following section. 
4 t?PlWEiwT AnGLE - 60 #6MSS 
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a. LiKE-DOUBLET INJECTOR ECESNT 
-- 
30 40 5a 6 0  da too 
INJECT1W VELOCITY, fT/SEC IWJECTIOU VUOCITI, FT/S€C 
b. UNLI KE-00UBLET INJECTOR €&WENT 
Figure 26. Comparison of Mass Median Dropsize as a Function of Injection 
Velocity for Two Differing Orifice L/D Designs 
Like hublet Injector .4tomization 
Wax flow experiments were made using three like-di-:&let elements : two 
short L/D elements having orifice diameters of 0.063 and 0.081 inch, and 
a long L/D element having a dim:. ?r of 0.063 inch. Three tests were 
conducted with each of the 10:l t / D  slements at nominal injection veloc- 
ities of 30, 40, and 60 ft/sec. Five tests were made with the'S0:l ele- 
ment, three at the low velocities and an additional two at 175 and 205 
ft/sec. The data for these three injectors are plotted in Fig. 27. Also 
shown in the figure are data points obtained in Task IA and from the 
Ref. 14 program. 
In the Ref. 14 program, it was fomd that, over an injection velocity 
range of 70 to 200 ft/sec, the mass median dropsize i B j  could be expressed 
as a simple power function of the orifice diametpr and velocity 
Plots of this equation for the three like-doublet elements shows excellent 
agreement over the range of 100 to 200 ft/sec. At velocities below this 
range, the dropsizes are censiderably smaller than those calculated fmm 
the above equation, and at the lowest velocity investigated (30 ft/sec), 
the predicted dropsizes are twice as large as the experimental values. 
Also shown in the figure is a plot of a modified version of the correlating 
equation suggested by Ingebo (Ref.13). His data, which were obtained using 
n-heptane in air, gave the following relation 
ORIFICE L/D = 50 
Figure 27. Mass Median Dropsize Versus Injection Velocity for Like-Doublet 
Injectors 
where 
'30 = volume gean droplet diameter, microns 
D j = j e t  diameter, microns 
v j = jet velocity, f t / sec  
I A V ~  = I V  -V f = magnitude of the  gas veloci ty ( a i r )  m i n i s  
"the j e t  velocity, f t l s e c  
This equation includes terms tha t  take i n t o  account both the p r i ~ a r y  
(hydraulic) and secondary (shear) atomization processes. The term 
is considered t o  represent primary atomization and is controlled by in- 
jec tor  design hydraulics. ?he r e l a t i v e  veloci ty expression (AV= \! -V ) 
g 2 
is considered t o  be the  secondary atomization t e rn  and is controlled by 
the gas forces act ing on the  liquid. 
To compare Ingebo's expression with the  current data,  a modification 
of h i s  r e l a t ion  w a s  necessary t o  account for  the  e f fec t s  of f lu id  physical 
properties on the secondary atomization tern. This was accomplished as 
follows. 
Other work by Ingebo (Ref. 17) indicated t h a t  the  e f fec t s  of l iquid viscosi ty,  
density, and surface tension could be accounted by 
n-heptane wax 
where 
p = density 
;; = viscosi ty 
a = surface tension 
In addition, it was necessary to convert from voIume mean dropsize (DfO) 
to mass median dropsize (6). Dickerson (Ref. 1-11 found that for like- 
doublet injectors the conversion factor was 
a = 1.52 D m  (assuming constant distribution) 
The resulting expression for calculating the wax dropsize is: 
where 
K = property correction factor = 0.56 
AV = V. (V = 0 during this study) 
I g 
4 plot of this expression in Fig. 27 shows reasonable agreement with 
the experimental data, However, inspection of the data presented in 
Fig. 27 suggests the existence of two distinct atomization regimes with 
a transition region (in which the data scatter was significantly greater 
than usual) in the velocity range of approximately 70 to 130 ft/sec, This 
trend is not suggested from the results of Ingebo. 
A comparison of the dropsizes produced by the 10: 1 and 50: 1 elements re- 
veals two slight variations in tht trend of the data. First, at the lowest 
injection velocity of 30 ft/sec the t-NO orifices produce almost identical 
dropsizes. However, as the velocity increases, the droplet sizes produced 
by the S0:l L/D element are smaller than those of the corresponding 10:l 
L/D element, (It should be noted that the difference is small; however, 
the trend is consistent.) Second, the transition point with the 10: 1 
orifice occurs at about 100 ft/sec whereas that for the 50:l orifice 
appears occur to at a higher velocity (about 140 ft/sec). 
Examination of the orifice and inlet geometry for the two elements suggests 
some possible explanations for these apparent anomalies. For the long 
orifices, the upstream flow section had a cross section of five orifice 
diameters versus three orifice diameters for the short orifices, The 
entry lengths for both configurations were both 50 orifice diameters 
in length. Calculation of the Reynolds number of the entrance shows that, 
for both elements, the break in the shape of the dropsize-velocity curve 
occurs in the range of 3000 to 4000. This suggests that the change in 
the atomization characteristics might be attributed to a transition from 
laminar to turbulent entry flow. The slight variations in dropsize at 
the low injection velocities could possibly be due to the fact that the 
long orifice has sufficient length to enable . nearly complete development 
of turbulent flow at the orifice exit, This is not the case for the short 
(10:l L/D) orifice. An approximate analysis (assuming one-dimensional 
flow and a quiescent inlet) indicated that at a length of 10 diameters, 
the boundary layer growth was only 25 percent completed. 
There are other possible explanations for the break in the dropsize-velocity 
curves, First, the generation of large dropsi zes at low injection velocities 
may be limited by the relative aerodynamic effects between the droplets 
and the surrounding gas which can cause secondary droplet shattering to 
occur. In addition, the sheet produced by the impingement of the jets 
may disintegrate because of hydrodynamic instability in the low velocity 
regime with aerodynamic interactions controlling breakup at the higher 
velocities. While all of the above appear possible, sufficient data are 
not available to ascertain which mechanism (or combination of) is 
control ling. 
Unlike-Doublet Iniector Atomization 
Molten wax experiments were conducted with three unlike-doublet injection 
elements at nominal injection velocities of 30, 40, and 60 ft/sec. Two 
of these elements incorporated a 10: 1 orifice L/D and diameter ratios 
of 1.36 and 2.03 (doxid/dfuel). The 50:l L/D element had a diameter ratio 
of 1.36. In all cases, the fuel orifice diameter (the smaller of the two) 
was 0.063 inch. In addition, a l l  t e s t s  were conducted a t  the condition 
which produces optimum propellant mixing. The dropsize data f o r  the  two 
diameter r a t ios  a re  presented i n  Fig. 28 and 29. A comparison of the  
unlike-doublet da ta  with t h a t  fo r  the  like-doublet shows tha t ,  a t  low 
inject ion veloci t ies ,  the dropsizes a r e  considerably smaller than pre- 
dicted from the  equations of Ref.14. This i s  the  same trend observc? 
with the  like-doublet elements. 
A comparison of the  fue l  and oxidizer dropsizes (where d < do) shows f 
tha t  the  oxidizer droplet s i zes  a re  generally la rger  than those fo r  the  
fuel. This is as expected since, f o r  the  two cases shown, the  oxidizer 
o r i f i c e  diameter is the l a rge r  of the two. I t  is s igni f icant  t o  note, 
however, tha t  as  in jec t ion  veloci ty approaches 30 f t / sec ,  the  two appear 
t o  approach a maximum dropsize of 600 microns. 
Pentad (4-on-1) In jec tor  Atomization 
Experiments were conducted with two pentad elements a t  nominal inject ion 
veloci t ies  of 30, 45, and 60 f t / sec ,  Both short  (10:l) and long (50:l) 
elements were used. Other than o r i f i c e  L/D, the two elements were similar ,  
with a cent ra l  (fuel) o r i f i c e  of 0.086 inch diameter, and four outer  
(oxidizer) o r i f i c e s  0.063 inch. 
The r e su l t s  f o r  the  pentad elements are presented i n  Fig. 30. The tend- 
* 
ency f o r  the  dropsizes t o  be smaller than predicted (by the  re la t ions  
given i n  Ref. 14) is again i n  evidence a t  in jec t ion  veloci t ies  below about 
100 f t /sec.  
Trip1 er (2-on-1) In jec tor  Atomization 
A s e r i e s  of 13 t e s t s  was conducted with a 50:l !JD coplaner t r i p l e t  
element (i.e.4 two outer  j e t s  impinging on a central  je t ) .  The experi- 
ments were conducted over a range of in jec t ion  velcoties  from 30 t o  171 
f t /sec.  This range was investigated because no data were known to  e x i s t  
f o r  t h i s  type of element configuration. The o r i f i c e  diameter r a t i o  f o r  
these t e s t s  was constant a t  1.0 (df = doX = 0.063 inch) . 
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Figure 28. Mass bfedian Dropsize Versus Injection Velocity for an 
Unlike-Doublet Element Having a Diameter Ratio of 1.36 
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Figure 29. Mass Median Dropsize Versus In jec t ion  Velocity f o r  an 'Jnlike- 
Doublet In j ec to r  Having a Diameter Ratio of 2.03 
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Figure 30. Mass Median Dropsize Versus Injection 
Velocity for a Pentad Element 
Dropsize data fo r  the  t r i p l e t  element a re  presented in  Fig. 31. The da ta  
shows tha t  almost identical  dropsize versus velocity relat ionships were 
obtained for  both fuel  (wax flowed through the  central  o r i f i c e )  and oxidizer  
(wax flowed through the outer two o r i f i ces ) .  This may be a t t r ibuted  t o  
the  fac t  tha t  the two o r i f i c e  diameters were equal, and the in jec t ion  
veloci t ies  (computed on the  bas is  of optimum mixing) are  nearly equal. 
Examination of Fig. 31 shows tha t  the  t r i p l e t  element produced a l inea r  
dropsize-velocity relat ionship over the majority of the veloci ty regime 
investigated. A break i n  the curve is suggested; however, the exact point  
is not as well defined as  those of  the other  element types. The s h q e  of 
the  data a t  high veloci ty (Fig. 31) represents an estimated value based 
on the  pentad resul t s .  
TASK ITB--FREE JET EFFECTS 
For most in jec tor  element types, the  impingement angle and free j e t  length 
may a f fec t  both face splashing and propellant atomization. Face splashing 
can be a serious problem resul t ing  in in jec tor  face burnout. Long f r e e  
j e t  lengths r e su l t  in the  impingement of streams that may be already 
p a r t i a l l y  disintegrated. The objective of t h i s  task was t o  quant i ta t ive ly  
determine the e f fec t  of impingement angle and f r e e  j e t  length on spray 
dropsize. 
A t o t a l  o f  28 wax flows were conducted t o  f u l f i l l  the  task objectives. 
A l l  t e s t s  were made with the  SO o r i f i c e  L/D l i k e  doublet element having 
a constant o r i f i c e  diameter of 0.063 inches. Measurements of  dropsize 
were made a t  impingement a i~gles  of 45, 60, and 90 degrees, f r e e  j e t  lengthr: 
of f ,  5, and 10 diameters, and mean in iec t ion  veloci t ies  o f  70, 95, a.nd 
120 f t /sec.  The data s r e  presented i n  Table 10. 
The e f fec t  of f r ee  j e t  length on mass median dropsize is shown i n  Fig, 32. 
(The data a t  70 f t / sec  were not included because of the large amount of 
data s c a t t e r  encountered a t  t h i s  veloci ty level  i n  the  Task fIA experiments). 
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Figure 31. Mass Median Dropsize Versus Injection Velocity 
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Examination of t h i s  f igure shows tha t  the general trend was fo r  dror i ze  
t o  increase with a corresponding i-.cr. .se  o f  f ree  j e t  length. The .argest 
percentage increase ( ~ 4 0 )  was observed at the 90-degree impingement angle 
and nominal in jec t ion  veloci t ies  of 97 and 113 f t / sec .  This would indi- 
cate t h a t  as the velocity of the two impinging j e t s  is  increased, the  
eff iciency of momentum exchange is c r i t i c a l l y  dependent upon such factors  
as j e t  alignment, f r ee  j e t  breakup, etc. 
The causes f o r  the  increase o f  dropsize a t  the  longer f ree  j e t  lengths 
a re  pcstulated as being caused by increasing j e t  breakup, decreasing 
j e t  turbulence, and possible j e t  misalignment. Extreme care w a s  exer- 
cised t o  ensure tha t  misimpingement did not occur. Fiieasurement o f  o r i f i c e  
tube position indicated centerl ine alignment within 0.002 inches. 
The e f fec t  of impingement angle on dropsize is shown i n  Fig, 33. In ad- 
d i t ion  t o  the  experimental da ta  from t h i s  program, the corre la t ing  equa- 
t ions of Dombrowslri and Hooper (Ref. 12) and Fry, Thomas, and Smart (Ref. 1s) 
r e l a t ing  dropsize t o  impingement angle a r e  included f o r  reference. I t  is  
in teres t ing  t o  note the  wide discrepancy i n  the  two correlat ions,  part icu-  
l a r l y  a t  the  impingement angle of  45 degrees. Although both invest igators  
used a photographic technique t o  measure p a r t i c l e  s izes,  Dombrowski and 
Hooper invest igated only the  cent ra l  portion of the  spray f ie ld .  From 
spray photographs of Ref. 12, it appears t h a t  a t  small impingement angles, 
the  mass f lux  and droplet  s i zes  a re  both high i.1 the  central  portion of 
the spray. This is  i n  contrast  t o  the  larger  impingement angles i n  which 
the mass f lux and dropsize appear more uniformly dispersed. This would 
then account f o r  the  extremely large droplet s i zes  reported by Dombrowski 
and Hooper a t  the  lowef impingement angles. 
Examination of Fig. 33 shows good agreenent of the  current data with the  
correlat ion of Fry, et a-l. The wax flow r e s u l t s  were found t o  agree within 
220 percent f o r  impingement angles of  45 t o  90 degrees. 
A comparison of  the  like-doublet dropsize d is t r ibut ion  produced a t  various 
f r ee  j e t  lengths is shown i n  Fig. 34. No major variat ions i n  the  d i s t r ibu t ion  
curves were observed a t  the impingement angles o f  45, 60, and 90 degrees, 
The same c o n c l u s i o ~ ~  can be drawn from Fig. 35 which i l l u s t r a t e s  the  dis- 
t r ibut ions  obtained a t  the three impingement angles. 
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CONCLUSIONS AND RECOWENDATIONS 
The major conclusions tha t  can be made as a r e s u l t  of t h i s  study are:  
(1) the molten wax technique is an ideal  experimental tool  f o r  studying 
the  mechanisms governing atomization, and (2) the a b i l i t y  t o  predic t  drop- 
s i z e  f o r  impinging stream in jec to r s  requires analy t ica l  knowledge of the  
influence of more in jec to r  mechanical and hydraulic parameters than those 
specif ied i n  available correlat ions.  The molten wax technique is a use- 
f u l  experimental tool  f o r  studying the atomization process f o r  several 
reasons. F i r s t ,  the  e n t i r e  spray f i e l d  is readi ly  analyzed, and conse- 
quently the dropsize and size dis t r ibut ion  result: a re  therefore not 
influenced by such fac tors  as depth o f  f i e l d  and measurement locat ion 
which are  encountered with photographic techniques. Seconlly, through 
the use of immiscible l iquids,  the  wax technique permits the d i r e c t  meas- 
urement of  both fuel  anr! oxidizer  sprays resul t ing  from unlike impinging 
in jec to r  elements. Final ly,  t h i s  technique is economical primarily because 
of  the  simple s ieve  analysis  used t o  determine the  spray s i z e  d is t r ibut ion .  
Previous invest igat ions o f  the  atomization charac ter is t ics  of impinging 
stream in jec tors  have generally been limited t o  a study of the  e f fec t s  of 
o r i f i c e  diameter, i n j e c t  ion veloci ty,  and impingement angle m dropsize 
and s i z e  d is t r ibut ion .  The resu l t s  of  t h i s  study have shown tha t  addit ional  
variables,  such as o r i f i c e  geometry, f r e e  jet geometry, and dynamic pressure 
r a t io ,  can a l s o  be c r i t i c a l l y  important. 
In addition, an unanticipated break i n  the  dropsize-velocity curves was 
observed f o r  a l l  of the  in jec to r  types investigated. The reasons f o r  t h i s  
occurrence were not evident; however, it was postulated tha t  changes i n  
the  ups t rem flow conditions and/or the mechanisms of sheet d is in tegra t ion  
were primarily responsible f o r  t h i s  phenaonenon. 
Recommendations f o r  future work resul t ing  f r o m  observations i n  t h i s  study 
are as follows: 
1. Injector  design variables and operating conditions have been 
observed t o  influence spray dropsize and dis t r ibut ion.  The most 
s igni f icant  of these were the  o r i f i c e  diameter r a t i o  and the 
dynamic pressure r a t i o .  Both miscible and immiscible experiments 
are suggested t o  independently determine the influence of these 
variables. 
2 .  I t  has been postulated tha t  operation a t  equal dynamic pressures 
(as i n  l i k e  doublets) r e su l t s  i n  unstable droplet breakup. Ex- 
periments with doublet in jec tors  are  suggested t o  determine if 
any discontinuous processes occur at t h i s  condition. 
3. &he reasons f o r  the  change i n  the  dropsize-velocity dependence 
should be thoroughly investigated. Specif ic  areas of study 
recommended include o r i f i c e  and entrance geometry and flow con- 
d i t ions ,  secondary atomization, and the  mechanisms of sheet 
disintegrat ion.  
4. The e f fec t s  of j e t  turbulence and velocity p ro f i l e ,  j e t  d is in te-  
gra t  ion, and misimpingement on dropsi ze are essent ia l ly  unknown. 
A study of t h i s  type should include not only long L/D or i f i ces  
which yie ld  controlled hydraulic character is t ics ,  but  a l s o  the 
short ,  sharp edge o r i f i t e s  which are found i n  many operational 
injectors.  
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